Most type-Ic core-collapse supernovae (CCSNe) produce 56 Ni and neutron stars (NSs) or black holes (BHs). The dipole radiation of nascent NSs has usually been neglected in explaining supernovae (SNe) with peak absolute magnitude M peak in any band are −19.5 mag, while the 56 Ni can be neglected in fitting most type-Ic superluminous supernovae (SLSNe Ic) whose M peak in any band are −21 mag, since the luminosity from a magnetar (highly magnetized NS) can outshine that from a moderate amount of 56 Ni. For luminous SNe Ic with −21 M peak −19.5 mag, however, both contributions from 56 Ni and NSs cannot be neglected without serious modeling, since they are not SLSNe and the 56 Ni mass could be up to ∼ 0.5M ⊙ . In this paper we propose a unified model that contain contributions from both 56 Ni and a nascent NS. We select three luminous SNe Ic-BL, SN 2010ay, SN 2006nx, and SN 14475, and show that, if these SNe are powered by 56 Ni, the ratio of M Ni to M ej are unrealistic. Alternatively, we invoke the magnetar model and the hybrid ( 56 Ni + NS) model and find that they can fit the observations, indicating that our models are valid and necessary for luminous SNe Ic. Owing to the lack of late-time photometric data, we cannot break the parameter degeneracy and thus distinguish among the model parameters, but we can expect that future multi-epoch observations of luminous SNe can provide stringent constraints on 56 Ni yields and the parameters of putative magnetars.
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Introduction
It has long been believed that most aged massive (zero-age main-sequence mass M ZAMS 8.0M ⊙ ) stars terminate their lives as core-collapse supernovae (CCSNe) Janka et al. 2007) , which are classified into type IIP, IIL, IIn, IIb, Ib and Ic according to their spectra and light curves (Filippenko 1997) , leaving neutron stars (NSs) or black holes (BHs) at the center and producing a moderate amount of 56 Ni which is generally regarded as the dominant power source for most supernovae (SNe) (Colgate & McKee 1969; Colgate et al. 1980; Arnett 1982) 1 . Of all these subclasses, SNe Ic have attracted more and more attentions since a great number of these events have been discovered and confirmed in recent years that some SNe Ic with broad absorption line features ("broad-lined" or "BL") have an accompanying gamma-ray burst (GRB) or X-ray flash (XRF) (Woosley & Bloom 2006; Hjorth & Bloom 2012) . Main models of central engines of GRBs associated with SNe are the "collapsar" model (Woosley 1993; MacFadyen & Woosley 1999 ) involving "BH + disk" systems and the magnetar (highly magnetized neutron star) model (Usov 1992; Metzger et al. 2007; Bucciantini et al. 2008; Metzger et al. 2011) proposing that the explosions may leave benind fast-rotating magnetars, being also regarded as the origin of the shallow decays and plateaus as well as rebrightenings in the multi-band afterglows of some GRBs (Dai & Lu 1998a,b; Zhang & Mészáros 2001; Dai 2004; Dai & Liu 2012) .
On the other hand, in the last two decades, optical−NIR and radio observations have revealed that not every SN Ic-BL associates with a GRB or an XRF (Soderberg et al. 2005; Drout et al. 2011 ). Many SNe Ic-BL, no matter whether they are associated a(n) GRB/XRF or not, have very high kinetic energy E K 1.0 × 10 52 erg and have therefore been called "Hypernovae" (Iwamoto et al. 1998) . Supposing that the optical−NIR emission is powered by radioactive 56 Ni decay, these SNe Ic need ∼ 0.1 − 0.5M ⊙ of 56 Ni. All GRBs associated SNe Ic and most GRB-less SNe Ic are not very luminous, with peak absolute magnitude M peak −19.5.
1 Since the observations for SN 1987A (Lundqvist et al. 2001 ) and SN 1998bw (Sollerman et al. 2002) have already revealed that the radioactive elements other than 56 Ni (e.g., 57 Ni, 44 Ti and 22 Na, etc) constitute only a minor fraction of the radioactive masses and contribute dominant fluxes at very late times ( 600 days and 1,200−1,400 day after explosion for SN 1987A and SN 1998bw, respectively) , we only consider the contribution of 56 Ni, which is the most abundant nucleus resulting from explosive silicon burning in shockheated silicon shells and the dominant energy source at early-time (e.g., ≤ 500 days) of a SN.
Thanks to the unprecedented boom of targeted-and untargeted-sky survey programs, many superluminous SNe (SLSNe) whose M peak in any band are −21 mag (Gal-Yam 2012) have been found in the past decade, most of which cannot be explained by the widely adopted 56 Ni decay model (Quimby et al. 2011; Inserra et al. 2013; Nicholl et al. 2013; McCrum et al. 2014; Nicholl et al. 2014) , motivating researchers to consider alternative energy-reservoir models. Currently, main models explaining the SLSNe are SN ejecta -circumstellar medium (CSM) interaction model (Chevalier 1982; Chevalier & Fransson 1994; Chevalier & Irwin 2011; Ginzburg & Balberg 2012 ) that has been employed to explain many Type IIn luminous SNe (Chugai 1994; Zhang et al. 2012; Ofek et al. 2013 ) and superluminous SNe IIn (Smith & McCray 2007; Moriya et al. 2013) as well as some Type Ic SLSNe (Chatzopoulos et al. 2013; Nicholl et al. 2014) , and the magnetar-powered SLSNe model (Kasen & Bildsten 2010; Woosley 2010 ) that has been used to explain many Type Ic SLSNe (Inserra et al. 2013; Nicholl et al. 2013; Howell et al. 2013; McCrum et al. 2014; Vreeswijk et al. 2014; Nicholl et al. 2014; Wang et al. 2015) . In some cases, the magnetarpowered SLSNe model with the assumption of full energy trapping fails to fit the late-time light curves (Inserra et al. 2013; Nicholl et al. 2014 ). In Wang et al. (2015) , we generalized the magnetar-powered SLSNe model by introducing the hard emission leakage and solved this problem, highlighting the importance of the leakage effect in this model. Thus, the power sources of most normal SNe and SLSNe have been attributed to 56 Nidecay and the magnetar spin-down or ejecta-CSM interaction, respectively. Within this picture, the dipole radiation of nascent magnetars has usually been neglected in explaining the SNe with M peak −19.5 (but see Maeda et al. 2007) , while the 56 Ni decay energy have generally been ignored in fitting all Type Ic SLSNe (M peak −21) because the peakluminosity due to the energy injection from a newly born fast-rotating (initial period ∼ millisecond) magnetar can outshine that from a moderate amount of 56 Ni (see Inserra et al. 2013 , for further analysis).
Besides normal SNe and SLSNe mentioned above, however, there are some SNe with −21
M peak −19.5 mag, constituting a class of "gap-filler" events that bridge normal SNe and SLSNe, have been found by many telescopes. Most of these "gap-filler" SNe are explained by the 56 Ni decay model for SNe Ic as well as "Super-Chandrasekhar-Mass" SNe Ia, and the ejecta-CSM interaction model for SNe IIn.
Among these "gap-filler" SNe with −21 M peak −19.5 mag, luminous Type Ic SNe and their energy-reservoir mechanisms have not attracted enough attentions yet, their high peak-luminosities are simply attributed to the 56 Ni cascade decay without any detailed modeling. It has recently been demonstrated that the 56 Ni-decay model cannot be arbitrarily used to explain all SNe Ic especially those very luminous ones (Inserra et al. 2013; Nicholl et al. 2013 ) since the production of 56 Ni is ineffective in CCSNe and more 56 Ni mass needs more mass of the ejecta, which could theoretically result in broad light curves that usually conflict with observations. While the CSM-interaction model can predict a wide range of peak luminosities and therefore explain the normal, luminous, and superluminous SNe IIn as a whole category,
56 Ni-decay model cannot explain luminous SNe Ic.
Here, we propose that for some luminous SNe Ic, there are other energy reservoirs that play a significant role in producing light curves. Since all hydrogen envelopes of progenitors of SNe Ic have been stripped and the spectra are lack of narrow and/or emission lines indicative of the interactions 2 , we can exclude the ionized hydrogen re-combination (Falk & Arnett 1977; Klein & Chevalier 1978; Popov 1993; Kasen & Woosley 2009 ) and do not consider the ejecta-CSM interaction process. Therefore, like the cases of SLSNe Ic, the nascent magnetar embedded in the center of the explosion is the most promising candidate for the additional power source (Ostriker & Gunn 1971) . On the other hand, the production of 56 Ni is inevitable and cannot be neglected in modeling luminous SNe Ic because their peak luminosities are considerably lower than that of SLSNe and the contributions from a moderate amount of 56 Ni can be comparable with the contributions given by any other energy reservoirs. Furthermore, in principle, the contributions from 56 Ni and NSs cannot be directly neglected for CCSNe with a wide range of peak luminosities. Thus, it is necessary to consider a unified model containing contributions from both 56 Ni and NSs.
In this paper we construct the unified model which contain the contributions from both the 56 Ni cascade decay energy and the NS rotational energy, and apply it to explain the light curves of some luminous SNe Ic-BL, i.e., SN 2010ay, SN 2006nx, and SN 14475. The remainder of this paper is organized as follows. In Section 2, we give a unified semi-analytical model for Type Ic SNe. Based on this model, we fit the light curves of SN 2010ay, SN 2006nx, and SN 14475 in Section 3. Finally, some discussions and conclusions are presented in Section 4.
The unified semi-analytical model for SNe
In this section, we construct a unified semi-analytical model combining energy from a spin-down magnetar and an amount of 56 Ni to describe the SN luminosity evolution. (Ostriker & Gunn 1971) .
Based on Arnett (1982) , taking into account the γ-ray and X-ray leakage (e.g., Clocchiatti & Wheeler 1997; Valenti et al. 2008; Chatzopoulos et al. 2009 Chatzopoulos et al. , 2012 Drout et al. 2013; Wang et al. 2015) , the luminosity is given by
where R 0 is the initial radius of the progenitor, which is very small compared to the radius of the ejecta. We take the limit R 0 → 0, then the above equation can be largely simplified. With Equations (18), (19) and (22) of Arnett (1982) , the effective light-curve timescale τ m can be written as
where κ is the optical opacity to optical photons (i.e., the Thomson electron scattering opacity), M ej and v are the mass and expansion speed of the ejecta, respectively, and c is the speed of light. β ≃ 13.8 is a constant that accounts for the density distribution of the ejecta. P (t) is the power function. Here, v is the scale velocity (v sc ) in Arnett (1982) and approximates to the photospheric expansion velocity v ph . Hereafter, we let v ≃ v ph .
The factors e −τγ (t) and (1 − e −τγ (t) ) in Equation (1) represent the γ-ray leakage and trapping rate, respectively. τ γ (t) = At −2 is the optical depth to γ-rays (Chatzopoulos et al. 2009 (Chatzopoulos et al. , 2012 . If the SN ejecta has a uniform density distribution (M ej = (4/3)πρR 3 , E K = (3/10)M ej v 2 ), A depends on κ γ (the opacity to γ-rays), M ej and v as
3 The coefficient 2 in the equation has been adopted as 10 3 in some other papers (Chatzopoulos et al. 2009 (Chatzopoulos et al. , 2012 (Chatzopoulos et al. , 2013 Wang et al. 2015) , the latter originated from a typo in Equation (54) of Arnett (1982) that written 5/3 as 3/5, see also the footnote 1 in Wheeler et al. (2014) . To get the same light curves, κ or M ej (v) should be multiplied by 5/3 (3/5), or these three parameters simultaneously adjusted so that τ m can be invariant for an individual event.
The
56 Ni-decay energy model
In the 56 Ni-decay energy model, the input power is
where ǫ Ni = 3.9 × 10 10 erg s −1 g −1 is the energy generation rate per unit mass due to 56 Ni decay ( 56 Ni→ 56 Co) (Cappellaro et al. 1997; Sutherland & Wheeler 1984) , M Ni is the initial mass of 56 Ni, τ Ni = 8.8 days is the e-folding time of the 56 Ni decay, ǫ Co = 6.8 × 10 9 erg s −1 g −1 is the energy generation rate due to 56 Co decay ( 56 Co → 56 Fe) (Maeda et al. 2003) , τ Co = 111.3 days is the e-folding time of the 56 Co decay.
The magnetar spin-down energy model
In the magnetar model, supposing that all the spin-down energy released can be converted into the heat energy of SN ejecta and the angle between the dipole magnetic fields and the magnetar's spin axis is 45
• , the power coming from the magnetar dipole radiation is (Ostriker & Gunn 1971) 
NS Ω 2 0 = 1.3 (B/10 14 G) −2 (P 0 /10 ms) 2 yr is the spin-down timescale of the magnetar (Kasen & Bildsten 2010 ). E NS is the rotational energy of the magnetar,
where M NS , R NS and P 0 are the mass, radius and initial rotational period of the magnetar, respectively, while
NS is the moment of inertia of the magnetar whose canonical value is ∼ 10 45 g cm 2 (Woosley 2010).
The hybrid ( 56 Ni + magnetar) model
If an amount of 56 Ni is synthesized and a fast-rotating magnetar is left after a SN explosion, both contributions from these two power sources must be taken into account, this is the hybrid model. In this model, the luminosity of a SN is
where L Ni (t) and L NS (t) are luminosities supplied by 56 Ni and the magnetar, respectively.
In this paper we propose the "unified" model that contains the above three models, i.e., the 56 Ni model, the magnetar model, and the hybrid model. If the contribution from the magnetar or 56 Ni can be neglected, this model would be simplified to the magnetar model or the 56 Ni-decay model, respectively. The parameter set for the unified model is (M ej , v, M Ni , B, P 0 , κ γ ). When M Ni = 0, the parameter set is (M ej , v, B, P 0 , κ γ ), corresponding to the magnetar model; when the neutron star is non-rotational, the parameter set is (M ej , v, M Ni , κ γ ), corresponding to the 56 Ni-decay model; when the contributions from 56 Ni and the magnetar are both important, the model can be termed as the hybrid model. It should be noted that if the photospheric velocity v ph is not measured, then v ≃ v ph is also a free parameter. The so-called Arnett law (Arnett 1979 (Arnett , 1982 reports that the peak luminosity of a SN purely powered by 56 Ni decay is proportional to the instantaneous energy deposi-tion, therefore is proportional to the initial 56 Ni mass 4 , which is widely invoked to infer the 56 Ni yields of some SNe (Contardo et al. 2000; Strolger et al. 2002; Candia et al. 2003; Stritzinger & Leibundgut 2005; Yuan et al. 2010; Cano et al. 2014 (Sanders et al. 2012 ) and larger than the upper limit (∼ 0.2) for CCSNe (Umeda & Nomoto 2008) . The above analysis suggests that there should be other energy sources aiding these three SNe to the high peakluminosities. As mentioned above, power from ionized element re-combination and CSMinteraction can be safely neglected, we focus on the contributions of 56 Ni and the magnetar possibly leaved behind the stellar explosion.
In this section, we use equations given in Section 2 to reproduce the semi-analytical light curves and fit the observations of SN 2010ay, SN 2006nx, and SN 14475. We assume that the fiducial value of the optical opacity κ is 0.07 (e.g., Taddia et al. 2015 (0.062 c) (Taddia et al. 2015) , respectively. Thus v is no longer a free parameter in our fitting.
In many light-curve modeling, κ γ has been assumed to have a fiducial value 0.027 cm 2 g −1 4 Strictly speaking, the peak luminosity of a SN depends sensitively upon the opacity, initial 56 Ni mass, ejecta mass and kinetic energy. Only if the varieties other than 56 Ni mass are same for SNe or their effects on changing the peak luminosities of SNe can be canceled each other (e.g., higher opacity and lower ejecta mass, etc), then the peak luminosities of SNe are proportional to the initial 56 Ni mass. These conditions could be satisfied in many SNe, so the Arnett law can be used to infer the 56 Ni mass of SNe by comparing them to well-studies SNe (e.g., SN 1987A, etc) which have precise measurements of 56 Ni masses and bolometric light curves. In Section 3.1, we will use the for the 56 Ni-powered SNe Ic (e.g., Cappellaro et al. 1997; Mazzali et al. 2000; Maeda et al. 2003) and 0.01 cm 2 g −1 for the magnetar-powered SNe (see Kotera et al. 2013 , Fig. 8 ), respectively. It is worth emphasizing that in the magnetar model, κ γ can vary between ∼ 0.01 and 0.2 cm 2 g −1 (E γ 10 6 eV) while κ X can vary between ∼ 0.2 and 10 4 cm 2 g −1
(10 2 eV E X 10 6 eV) (see Kotera et al. 2013 , Fig. 8 ). Therefore, κ γ is also a free parameter in our fitting.
The
The parameters for the 56 Ni-powered model are listed in Table 1 and the light curves reproduced by these sets of parameters are shown in Fig. 1 In this paper, we adopt a fiducial value of optical opacity 0.07 cm 2 g −1 . In many other papers, however, the fiducial values of opacity have also been assumed to be 0.06 cm 2 g −1 (e.g., Valenti et al. 2011; Lyman et al. 2014) , 0.08 cm 2 g −1 (e.g., Arnett 1982; Mazzali et al. 2000) , 0.10 cm 2 g −1 (e.g., Nugent et al. 2011; Inserra et al. 2013; Wheeler et al. 2014 ) and 0.2 cm 2 g −1 (e.g., Kasen & Bildsten 2010; Nicholl et al. 2014) . It is necessary to point out that more 56 Ni for the 56 Ni model or smaller P 0 of the magnetar for the magnetar model is required to account for the peak luminosity of SN 2010ay, SN 2006nx, and SN 14475 when κ is larger than 0.07 cm 2 g −1 since larger κ results in larger diffusion time and lower the peak luminosities. On the other hand, when κ is smaller than 0.07 cm 2 g −1 , less 56 Ni or larger P 0 are required for the same peak luminosity. For example, If we assume that SN 2010ay is powered by 56 Ni and κ = 0.06 cm 2 g −1 , then ∼ 1.8 M ⊙ of 56 Ni must be synthesized, which is smaller than 2.0 M ⊙ when κ = 0.07 cm 2 g −1 .
To maintain the same peak luminosities and shapes of light curves, κM ej /v must be The radius of the 56 Ni layer can be given as
where E exp , E bin are the explosion energy and the binding energy of the progenitor, respectively, T is the temperature of the ejecta, a = 7.56566 × 10 15 erg cm −3 K −4 is the radiation energy density constant. Since M Ni = 4/3ρ Ni πR 3 Ni , M Ni is therefore approximately proportional to E exp + E bin ≃ E exp 5 which in turn is approximately proportional to the kinetic energy E K , see, e.g., the bottom panel of Fig. 7 of Hamuy (2003) and the left panel of Fig.  23 of Pejcha & Thompson (2014) . The masses of the progenitors also influence the yields of 56 Ni. These facts can also be seen in Fig. 7 and Table 3 in Umeda & Nomoto (2008 Table 1 ) which (far) exceed the upper limit (∼ 0.2) of the mass ratio given by Umeda & Nomoto (2008) for CCSNe.
These results indicate that the 56 Ni-decay model cannot account for the light curves of SN 2010ay, SN 2006nx, and SN 14475 and these three SNe are probably solely or partly powered by other energy sources.
The magnetar spin-down energy model
Encountered by the above difficulty, alternative energy-reservoir models must be seriously considered. According to their inferred ratio of M Ni to M ej , ∼ 0.2, Sanders et al. (2012) suggested that SN ejecta-circumstellar medium interaction could also contribute to the high peak luminosity of SN 2010ay as well, yet they did not perform further investigation for this possibility. Owing to the lack of narrow and/or intermediate-width emission lines indicative of interactions between the SN ejecta and hydrogen-and helium-deficient CSM, we argue that ejecta-CSM interactions could hardly provide a reasonable interpretation for the excess luminosities of SN 2010ay, SN 2006nx, and SN 14475. Hence we attribute the luminosity excess instead to energy injection by the nascent magnetars and employ the magnetar model to explain the data for these SNe Ic.
The parameters for the magnetar model are listed in Table 1 and the light curves repro-×10 52 erg, significant smaller than that of that of SN 1998bw, so we can expect that its 56 Ni mass should be smaller that of SN 1998bw.
duced by the sets of parameters are shown in Fig. 1 (Models A3 and A4 for SN 2010ay, B3 and B4 for SN 2006nx, C3 and C4 for SN 14475) . It can be seen from Fig. 1 that the magnetar model can well fit the data. These results indicate that this model can be responsible for the light curves of SN 2010ay, SN 2006nx, and SN 14475, i.e., SN 2010ay, SN 2006nx , and SN 14475 are probably powered by nascent millisecond (or ∼ 10 ms) magnetars.
The hybrid (
56 Ni + magnetar) model
When the ejecta masses of CCSNe are not very large, e.g., 2 M ⊙ , the 56 Ni synthesized are generally 0.1 M ⊙ , which contribute a minor fraction of the luminosity of luminous SNe and can be neglected in the fit. Inserra et al. (2013) Table 1 and a family of light curves reproduced by these sets of parameters are shown in Fig. 1 On the other hand, there are rather significant discrepancies in the late-time ( 50 days) light curves reproduced by different masses of 56 Ni. These discrepancies cannot be eliminated by adjusting the magnetar parameters since the decline rate of late-time light curves is 8 Although we have demonstrated in Section 3.2 that the 56 Ni mass of these three SNe can hardly be larger than 0.5 M ⊙ , considering the possible uncertainties, we also adopt the value of 1.0 M ⊙ in our modeling.
determined mainly by
56 Co decay rate and the value of κ γ .
We cannot determine the precise masses of 56 Ni synthesized in the explosions of these SNe, because there is no precise late-time observation. Provided that there are some latetime data observed, it would be powerful enough to constrain the precise value of their 56 Ni mass.
To compare these models, we calculate the values of χ 2 /d.o.f for all these theoretical light curves 9 , see Table 1 . Since the 56 Ni-powered models are disfavored in explaining these three SNe, as discussed above, we do not discuss them here even if they give smaller χ 2 /d.o.f.. Therefore, we only consider the magnetar-powered models and hybrid models. It can be seen from the last column in Table 1 that Models A4 (magnetar-powered model with hard emission leakage), B7 (magnetar and 0.5 M ⊙ of 56 Ni), and C5 (magnetar and 0.1 M ⊙ of 56 Ni) have the smallest χ 2 /d.o.f. Nevertheless, due to the absence of late-time data, we still cannot conclude that these models are most favorable ones.
An analysis for the origin of the kinetic energy
It is necessary to take into account the kinetic energy coming from the P dV work. The tapped rotational energy of a nascent magnetar (E NS ≃ 2 × 10 52 (P 0 /1 ms) −2 erg) must be split into radiation energy (E rad ) and kinetic energy (E K,mag ). The former heat the ejecta, while the latter accelerate the ejecta. When P 0 ∼ 9 ms, E NS ≃ 3.0 × 10 50 erg. Even if all of the rotational energy of the putative magnetar is converted into kinetic energy of the ejecta 10 , E K,mag ≈ E NS ≃ 3.0 × 10 50 erg, it is still far less than the total kinetic energy (E K 5 × 10 51 erg) of SN 2010ay, SN 2006nx, as well SN 14475 and can therefore be completely neglected.
We now turn our attention to the neutrino-driven mechanism (Bethe & Wilson 1985) . Hydrodynamic supernova simulations suggest that the neutrino-driven mechanism can produce SN energies 2 × 10 51 erg (Ugliano et al. 2012) , far less than the observed kinetic energy of E K 5 × 10 51 erg, indicating that there must be another mechanism accounting for the additional energy of 3 × 10 51 erg. A popular scenario to explain energetic SNe 9 Since Taddia et al. (2015) did not provide the observational errors of the data of SN 2006nx and SN 14475, we adopt a fiducial value for the error, ∼ 1.3 × 10 42 erg s −1 , which is the smallest error of the SN 2010ay data. the difference between the real values of errors and our adopted values should not change the χ 2 /d.o.f significantly.
10 The calculations performed by Woosley (2010) have shown that E k,mag ≃ 0.4 E NS when P 0 = 4.5 ms, B = 1 × 10 14 G.
with kinetic energies 10 52 erg is the "collapsar" model involving a "BH-disk" system, in which the "BH-disk" system generates bipolar jet/outflow while the "disk wind" ensures that the progenitor star explodes and synthesizes enough amount of 56 Ni. However, our fittings have demonstrated that the newly formed magnetar did not collapse to a black hole at least several days after the explosion. Hence, the huge kinetic energy might stem from some magnetohydrodynamic processes (e.g., magnetic buoyancy, magnetic pressure, hoop stresses, etc) related to the proto-NS themselves (Wheeler et al. 2000) after which the magnetars inject their rotational energy to heat the ejecta and generate the light curves.
Discussion and Conclusions

Most type Ic CCSNe produce
56 Ni which release energy to the ejecta via cascade decay and central NSs which convert a portion of their rotational energy into heating energy of the ejecta via the magnetic dipole radiation. For almost all normal CCSNe, ∼ 0.1−0.7 M ⊙ of 56 Ni are adequate to power the peak and post-peak decline of observational light curves and the contribution of NSs can be neglected 11 . In contrast, for SLSNe Ic which are lack of evidence of interaction and cannot be explained by 56 Ni solely, millisecond NSs (magnetars) can supply almost all input power and the contribution of 56 Ni can be neglected.
For luminous SNe Ic with −19.5 M peak −21 mag in any band, however, both contributions from 56 Ni and NSs cannot be neglected without detailed modeling since the 56 Ni permitted by completely explosive burning are usually inadequate to power the high peak luminosities while the production of ∼ 0.1− ∼ 0.5M ⊙ of 56 Ni is reasonable and may contribute a significant portion of the total luminosity. Therefore, these "gap-filler" events which bridge normal SNe and SLSNe must be explained by a unified model which contain contributions from 56 Ni and NSs.
To illustrate the necessity of constructing the unified model, we select and apply this model to three luminous SNe Ic-BL, SN 2010ay, SN 2006nx, and SN 14475. We tested the possibility that the luminosity evolutions of SN 2010ay, SN 2006nx, and SN 14475 are solely governed by radioactive 56 Ni cascade decay using the semi-analytical method and demonstrated that too large amounts, roughly 2.0, 2.0, and 1. We set M Ni = 0.1, 0.2, 0.5 and 1.0 M ⊙ and find that 0.2 M ⊙ of 56 Ni can not significantly influence the theoretical light curves while 0.5 M ⊙ of 56 Ni can effectively alters the shapes of the light curves, leading us to adjust the magnetar parameters to fit the observations. Therefore, all these models ( 56 Ni, magnetar, and hybrid), with different amount of 56 Ni (from 0 to 2 or 1.3 M ⊙ ), fit the light curves equally well and can be unified into a unified model. Among these models, the 56 Ni model needs huge, unrealistic amounts of 56 Ni, resulting in over-high ratios of M Ni to M ej . In contrast, the magnetar model needs no 56 Ni and conflict with the basic theory of nuclear synthesis. The hybrid model is reasonable in explaining these luminous SNe.
These facts suggest that these three luminous SNe Ic are all powered by both 56 Ni and magnetars, indicating that the magnetars contribute a large fraction of but not all power in driving their light curves. So we can conclude that, when M peak (in any band) is −21 mag, the contribution of 56 Ni can be neglected in light-curve modeling; when −21 M peak −19.5 mag, the contribution from the magnetar cannot be omitted in modeling while the contribution from 56 Ni must be considered seriously; but when M peak −19.5 mag, the contribution of the magnetar can generally be neglected (but see Maeda et al. 2007 ).
It should be pointed out that the "fiducial cutoffs" −19.5 mag and −21 mag that divide the normal SNe, luminous SNe and SLSNe are artificially given and do not have unambiguous physical meanings. Although no consistent picture of these SNe Ic with rather different peak luminosities has emerged so far, it seems that they have similar physical nature and similar power sources, e.g., 56 Ni and newly born NSs (magnetars), while the former result in a relative narrow range of peak-luminosities owing to the existence of the upper limit of 56 Ni yields and thus the peak luminosities, the latter might produce a wide range of peak-luminosities since the period of newly born NSs can vary from several milliseconds to several seconds, and magnetic field strength of them can be up to 10 15 G. These two power sources could result in a continuous sequence of peak-luminosities, covering normal, luminous, and very luminous SNe Ic and unifying most of them into a whole category in which normal SNe are powered by slow-spinning NSs and 56 Ni, while luminous SNe and SLSNe are mainly powered by fast-spinning (millisecond) magnetar and 56 Ni. The similarity between late-time spectra of SLSNe Ic and spectra of normal SNe Ic-BL (Pastorello et al. 2010; Gal-Yam 2012; Inserra et al. 2013 ) also supports this unified picture.
Furthermore, we suggest that many SNe Ic with M peak −19.5 mag might be partly powered by a nascent magnetar, i.e., the very young SN remnants of the explosions may harbor magnetars. The discrepancy in brightness between luminous SNe Ic and SLSNe Ic stem mainly from the initial spin periods of the magnetars, the former have P 0 ∼ 7 − 15 ms, while the latter have P 0 ∼ 1 − 6 ms (Inserra et al. 2013; Nicholl et al. 2014) . For luminous SNe Ic, power from magnetars with P 0 ∼ 10 ms can become comparable to or exceed that from 56 Ni, and vice versa; for SLSNe Ic, millisecond magnetars usually overwhelm 56 Ni in powering them.
For the sake of completeness, both these two power sources must be taken into account in light-curve modeling. Nevertheless, we still emphasize that this unified scenario is especially important for the gap-filler SNe Ic since they, as aforementioned, are hardly powered solely by 56 Ni but 56 Ni can contribute a non-negligible portion of the luminosity and must be considered in modeling. Modeling for these luminous SNe can also help us to understand how normal SNe Ic relate to SLSNe Ic. Besides, even if a SN or superluminous SN that can be solely explained by the magnetar model, Fe line in its spectrum, if observed, must be explained by introducing a moderate amount of 56 Ni, because the magnetar model cannot explain Fe line (Kasen & Bildsten 2010) . This is another advantage of the unified model. In the recent excellent review for SLSNe, Gal-Yam (2012) already noticed these "gap-filler" SNe and reckoned that they are likely to be intermediate events between radioactivitypowered SNe/SLSNe Ic and the SLSNe Ic powered by some other processes. Our analysis has confirmed this conjecture and furthermore demonstrated that these "intermediate events" are likely to have the same power sources and the difference between them and their lowerluminosity and higher-luminosity cousins are mainly due to the physical properties of the nascent neutron stars embedded in their debris. 56 Ni yields. The ejecta mass M ej can significantly influence the rise time, shape, and peak luminosity as well as the ratio of M Ni to M ej of a SN, so it is also a very important quantity in modeling. Due to the uncertainty of optical opacity κ, M ej cannot be precisely determined using solely the light-curve modeling (see Fig.2 ). To get more precise value of the ejecta mass or at least a rigorous upper/lower limit, as performed by Gal-Yam et al. (2009) for SN 2007bi, nebular modeling are required.
The above procedures need very precise observations and spectral analysis lasting several hundred days after the detection of the first light. Unfortunately, no late-time photometric data and spectra have been observed for these three SNe, especially for SN 2006nx and SN 14475. We cannot get enough information to determine the precise masses of 56 Ni and the real values of magnetar parameters. Hence, we cannot distinguish among these model parameters and therefore to have a more precise scenario. We can expect that future high cadence multi-epoch UV−optical−NIR observations of the luminous SNe can pose stringent constraints on the parameters of the nascent NSs and 56 Ni yields. Taddia et al. (2015) . The horizontal axis represents the time since the explosion in the rest frame. Parameters for Models A1-A8, B1-B8, and C1-C8 are shown in Table 1 . κ = 0.07 cm 2 g −1 is adopted. In all panels, we add two light curves reproduced by the 56 Ni-decay models with 1 M ⊙ and 0.7 M ⊙ , without and with γ-ray leakage. It can be seen from these light curves that 1 M ⊙ or 0.7 M ⊙ of 56 Ni is inadequate to power these SNe. 
